ABSTRACT: Consumer-level 3D printers emit ultrafine and fine particles, though little is known about their chemical composition or potential toxicity. We report chemical characteristics of the particles in comparison to raw filaments and assessments of particle toxicity. Particles emitted from polylactic acid (PLA) appeared to be largely composed of the bulk filament material with mass spectra similar to the PLA monomer spectra. Acrylonitrile butadiene styrene (ABS), extruded at a higher temperature than PLA, emitted vastly more particles and their composition differed from that of the bulk filament, suggesting that trace additives may control particle formation. In vitro cellular assays and in vivo mice exposure all showed toxic responses when exposed to PLA and ABS-emitted particles, where PLA-emitted particles elicited higher response levels than ABS-emitted particles at comparable mass doses. A chemical assay widely used in ambient air-quality studies showed that particles from various filament materials had comparable particle oxidative potentials, slightly lower than those of ambient particulate matter (PM 2.5 ). However, particle emissions from ABS filaments are likely more detrimental when considering overall exposure due to much higher emissions. Our results suggest that 3D printer particle emissions are not benign and exposures should be minimized.
INTRODUCTION
Three-dimensional (3D) printing is an emerging technology in industrial applications but also popular for domestic usage. 1 Fused filament fabrication 3D printing heats a thermoplastic material and deposits it by layers to build an object. Among a wide range of materials, acrylonitrile butadiene styrene (ABS) and polylactic acid (PLA) are commonly utilized filaments. ABS is characterized by high strength, stiffness, and resistance to chemicals. It also requires higher extruder nozzle and buildplate temperatures than PLA. 2 PLA is biodegradable, thermally unstable, and more brittle compared to other plastics. 2 Numerous studies show that 3D printing emits both particles and volatile organic compounds (VOCs); emissions can depend on many factors, such as printer brand, filament material, filament brand and color, extrusion temperature, and filament feed rate. 3−9 Previous studies on laser printers and thermal processing of plastics showed potential exposure to gases and particles, 10, 11 suggesting that 3D printer emissions may also be of concern. 12 While it was shown that 3D printers emit potentially harmful VOCs like styrene, caprolactam, ethylbenzene, and others, 3, 13, 14 particle chemical speciation is not well characterized, and the toxicity is also uncertain. To date, most of particle composition measurements reported have focused on organic compounds and metals. 9 ,13,15 −17 Measurements show that the average particle emission rates during 3D printing range from 2 × 10 8 to 2 × 10 12 min −1 , 3, [5] [6] [7] [8] [9] 15, 17, 18 and most of the emitted particles are ultrafine (less than 0.1 μm diameter). 6, 7, 9 Ultrafine particles are potentially harmful because they can deposit in the respiratory tract, enter the blood stream, translocate to remote organs, and damage mitochondria because of their specific properties.
19−21 A well-established mechanism associated with particle adverse biological effects, for both nanoparticles (NPs) 22 and ambient fine particles, 23 is the generation of reactive oxygen species (ROS), the excess of which causes cellular damage and induces oxidative stress. 24−26 Oxidative stress can trigger redox-sensitive pathways that lead to biological responses, such as inflammation, 22, 27 cell death, 28 and diseases. 23, 24 One integrative measure of a particle ability to induce oxidative stress is the particle oxidative potential (OP), which has been measured by various acellular assays. 29−32 The OP of ambient PM 2.5 (PM smaller than 2.5 μm in size) has been linked to adverse health effects associated with acute cardiorespiratory outcomes in a large metropolitan environment. 30,33−36 In light of the emerging applications of consumer 3D printers and the potential increase in the exposure to the emitted particles, this study focuses on chemical composition and potential health impacts of particles emitted during 3D printing. Specifically, we analyze particle chemical composition via multiple methods and compare with the raw filament material. We also assess particle toxicity through the in vivo inflammatory model and in vitro cellular and acellular models through oxidative stress mechanisms and estimate potential exposure during printing.
METHODS
2.1. Particle Preparation and Characterization. 2.1.1. Particle Sample Preparation. A consumer-grade 3D printer was operated in a 1 m 3 well-mixed stainless-steel emission test chamber. 7 Air removed of particles and VOCs via a high-efficiency particulate air filter (Pall Corporation, Port Washington, NY, USA) and an absorption column 37 was supplied to the chamber continuously, resulting in an air exchange rate of one volume per hour. Three filament materials were tested using the same 3D printer; two ABS filaments (hereafter denoted as ABS c and d for consistency with earlier work 7, 38 ) and a PLA filament (hereafter PLA). A nylon filament (hereafter Nylon) was tested with only the dithiothreitol (DTT) assay (Section 2.3). The tested printer extruder temperature was 270°C for ABS, 210°C for PLA, and 243°C for nylon. Build-plate temperature was 100°C for ABS and nylon and 50°C for PLA. Particle concentrations in the chamber were monitored with online particle measurement instrumentation including a condensation particle counter (CPC 3022A, TSI Inc., Shoreview, MN, USA), a scanning mobility particle sizer (differential mobility analyzer 3081 and CPC 3785, TSI Inc.), and an optical particle counter (AeroTrak 9306-01, TSI Inc.), collectively measuring particle number concentrations as a function of size for particles spanning nominally 7 nm to 25 μm in diameter. Surface area and mass (volume) concentrations were calculated from the measured number distributions, assuming that particles were spheres of unit density. These calculated values are not necessarily the true particle surface area and mass because particle shape and density are not known; an estimation of the resulting uncertainties can be found in Zhang et al. 2017. 7 In addition, particles for offline toxicity analysis were collected on 25 mm laminated polytetrafluoroethylene (PTFE) membrane filters with 0.45 μm pore size (Sterlitech Corporation, Kent, MA, USA) throughout the printing period. The sampling flow rate was 10 L/min, and the sampling time (i.e., printing period) varied to collect sufficient mass on the filter (Tables S1 and S2 ). Typical background number concentrations in the chamber were less than nominally 5 cm −3
. The aqueous particle suspensions for toxicity analyses were prepared by extracting each filter in deionized water (DI water) via sonication. The particle concentrations in the liquid samples were estimated as described in the Supporting Information S1.1 for the biological toxicity analyses ( Figure  S1 and Table S1 ) and in S1.2 for the chemical analysis (Table  S2) .
2.1.2. Particle Chemical Characterization. For ABS c-and PLA-emitted particles, submicron particle chemical composition (e.g., nonrefractory organic species and inorganic species, such as sulfate, nitrate, and ammonia) was measured online from the chamber by either an aerosol chemical speciation monitor (ACSM, Aerodyne Research, Inc., Billerica, MA, USA) 39 or a time-of-flight aerosol mass spectrometer (AMS, Aerodyne Research, Inc.) 40, 41 during the printing period. For ABS d, pyrolysis gas chromatography mass spectrometry (GC−MS, Agilent Technologies, Santa Clara, CA, USA) was performed on both the filament and the emitted particles collected on a quartz filter. Although this method is not optimal for aerosol composition measurements because of limitations with filter sampling and sample alteration during pyrolysis, the goal was to directly contrast the composition of filament and particles generated from that filament with the same instrument.
2.1.3. Scanning Electron Microscope. Scanning electron microscope (SEM) imaging was applied to assess the solubility of particles (i.e., whether they remained solid in very dilute aqueous solution) and to roughly compare particle properties in liquid samples to those in situ. The filters and particle suspensions were prepared in the same way as for biological toxicity analyses. The samples were coated with 8 nm thick carbon using the Safematic CCO-010 HV high-vacuum coater and analyzed by Zeiss Ultra55 high-resolution SEM. The landing voltage was 3−5 kV, and images were recorded using the in-lens detector (high resolution topography contrast).
2.2. In Vitro Cellular Assays. 2.2.1. Cell Culture. Rat alveolar macrophages (NR8383, CRL 2192) and human tumorigenic lung epithelial cells (A549), which represent the interaction with particles in lungs, were used to assess cytotoxicity of the particles and to compare the potential different responses because of their specific properties and functions. NR8383 cells were grown in Hams F12K medium (Biological Industries, Beit-Haemek, Israel) supplemented with 15% (w/v) fetal calf serum, 1% (w/v) glutamine, and 1% (w/ v) penicillin−streptomycin. A549 cells were grown in RPMI-1640 supplemented with 10% (w/v) fetal calf serum and 1% (w/v) penicillin−streptomycin. Both cultures were incubated at 37°C in a humidified atmosphere consisting of 95% air and 5% CO 2 .
2.2.2. WST-1 Cell Viability Assay. Cell viability was evaluated by the WST-1 (Abcam, UK) assay 24 h after exposure, according to the manufacturer instructions and as previously described. 42 Cells were seeded 24 h prior to exposure. All samples were sonicated in a water bath for 5 min and then buffered with salts glucose media (pH = 7.2) prior to use, which comprised 50 mM Hepes, 100 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , and 5 mM glucose. Exposure was done using original extracted particle suspensions and 10-time diluted suspensions. Absorbance of the samples was measured at 440 and 650 nm by a microplate reader (BioTek, USA). Each experiment was repeated twice in quadruplicates for each cell type.
Cell death mechanism and intracellular ROS generation were also studied using original particle suspensions, details of those methods can be found in the Supporting Information section S2.
2.3. DTT (dithiothreitol) acellular Assay. OP of 3D printer-emitted particles was assessed using the DTT cell-free assay, following the method in Cho et al. 43 For DTT assay tests on water-soluble particles, the filter was extracted in 4.9 mL of DI water by sonication for 1 h, the extract was filtered through a 0.45 μm PTFE syringe filter (Fisher Scientific, USA), and then analyzed using a semiautomated DTT analytical system. 29 In brief, the sample was incubated with
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Article DTT and potassium phosphate buffer at 37°C and pH of 7.4. At five designed time points, the absorbance of the colored product from DTT reacting with 5,5′-dithiobis-(2-nitrobenzoic acid) was measured at 412 nm, which was used to determine the remaining DTT. For DTT assay tests on total particulates (i.e., soluble + insoluble), the analysis was similar to the watersoluble DTT assay, except the sample filter was kept in direct contact with DTT during incubation (i.e., no filtration of extract), following Gao et al. 44 Blanks (i.e., extracts of blank filters) and positive controls (9,10-phenanthrenequinone) were also carried out in the same manner. DTT concentrations were quantified based on a predetermined absorbance calibration curve using standard DTT solutions. For each sample, the DTT consumption rate was obtained by a linear fitting of the five points of remaining DTT. OP can be expressed as DTT consumption (corrected by blank) normalized by particle mass (OP m DTT ) or sample air volume (OP v DTT ). 29 A measurement was considered above the detection limit when the signal was larger than three times the standard deviation of the blanks. Particle concentration in the extract for total DTT analysis was based on particle mass collected on the filter and the volume of the extraction liquid (see Supporting Information section S1.2 for details).
2.4. Statistical Analysis. The differences between treatment groups were analyzed by one-way analysis of variance and considered significant at p < 0.05 using the Fisher-protected least-significant difference method. The t tests were used to compare the results of two different groups at a p-value of 0.05.
RESULTS AND DISCUSSION
3.1. Characterization of 3D Printer-Emitted Particles. 3.1.1. Particle Emission. Detailed descriptions of emissions and contrasts between particle numbers and sizes for these (and many other) filaments can be found in Zhang et al. 7 In general, particles emitted from all filaments were lognormally distributed ( Figure S2 ). Time series of total particle number, surface ,and volume (mass) concentrations are given in Figure  S3 . Particle number emission yields (total particle number emitted per mass of object printed) for the filaments tested , and Nylon 1.58 × 10 9 g −1
. Estimated particle surface area and volume (mass) yields and mean particle sizes can be found in Table S3 .
3.1.2. Particle Chemical Composition. The ACSM can quantify nonrefractory organic and inorganic species. The results showed that the particles emitted from ABS c and PLA filaments were largely organic in composition; inorganic species were below limit of detection (LOD). Other trace species, such as metals, may be present 17 but were not measured in this study. ACSM data also showed that the mass spectra of ABS c and PLA emitted particles were different, indicating their compositions differed, as expected (Figure 1) . Furthermore, the mass spectra of ABS c emitted particles were different from those of the raw filament material monomers (i.e., acrylonitrile, 1,3-butadiene, styrene), 45 whereas the mass spectra of PLA-emitted particles were mostly similar to those of the PLA monomers (i.e., lactic acid, lactide) ( Figure 1 ). This is consistent with Vance et al., 16 where the Raman spectra of ABS-emitted particles lacked the peaks corresponding to 
Additionally, for ABS c-emitted particles, no significant change in the mass spectra (measured by the AMS) was observed throughout the print time ( Figure S4 ), suggesting that these particles were not subjected to additional processing following their emission (i.e., evaporation of semivolatile components, reactions with oxidants). However, for PLA-emitted particles, the fraction of small organic fragments [mass to charge (m/z) < 30] increased throughout print time ( Figure S4 ). While we cannot identify the chemical species leading to the observed changes, because of the similarity in the mass spectral pattern of this group of small m/z fragments to lactic acid (Figure 1) , we speculate that the increasing contribution of lactic acid to particle composition is because of the increasing total particle surface area throughout the print time, which increases the partitioning of semivolatile organic gases emitted from PLA.
Because the ACSM/AMS does not allow for the analysis of filament composition, pyrolysis GC−MS provided a more direct comparison of composition between the filament material and the particles formed. Focusing on ABS filaments, because the particles appeared to be chemically different from the filament, the evolved gas analysis of ABS d-emitted particles confirmed that they had substantially different spectra from that of the ABS d raw filament ( Figure S5 ), both measured by the same instrument. This indicated that the ABS particles are not formed mainly from the bulk ABS filament material but potentially from some additives, such as fatty acids ( Figure S5 ) and plasticizers or antioxidants. 9 To some degree, the chemical analysis can help explain contrasts in emissions from the two ABS filaments tested and differences between PLA and ABS in general. For ABS, apparently, a minor unknown filament additive accounts for the particle formation, which was consistent with previous model results. 38 Different additives may be used by different filament manufacturers, for example, ABS d that had much higher particle emissions contained 5−10% more additives than ABS c, according to the safety sata sheets from the manufacturers. (Specific chemical details of the additives are not provided). PLA is printed at a much lower temperature, therefore in general, PLA may be less susceptible to volatilization of typical filament additives, leading to the bulk material mainly contributing to the particle formation, and much lower particle emissions. (Note, there is data showing PLA filaments with specialized properties, which contain additional unknown additives, can also be much higher aerosol emitters than regular PLA filaments, consistent with this line of reasoning). 7 Our findings on the particle chemistry imply that the toxicity of particles emitted from 3D printers could vary widely amongst filaments on the market and may not be directly related to the toxicity of the bulk filament materials.
3.1.3. Particle Imaging Analysis. Though changes in particle characteristics may occur during the processing, SEM images of dried particle suspensions ( Figure S6 ) provided information on particle shape, size, and morphology. Particle diameters estimated roughly from SEM images were 71 ± 20 nm (mean ± standard deviation) for ABS d, 106 ± 20 nm for ABS c, and 14 ± 25 nm for PLA. Sizes were estimated from the images by analysis of 15 particles for PLA and 50 particles for both ABS. Because of the much smaller size of PLA particles, this method of sizing was highly uncertain. The SEM analysis showed that the particle sizes in the aqueous samples were comparable to those measured in the chamber during filter sampling (Table S3 , mean sizes for the number distributions were 49, 123, and 51 nm for ABS d, ABS c, and PLA, respectively). Imaging also indicated that the particles were not highly water-soluble as they were in solution for an extended period of time (over 30 days) prior to SEM analysis and remained (or at least some fraction remained) as detectible solid particles.
3.2. Cytotoxicity of Particles. Human tumorigenic bronchial epithelial cells (A549) represent respiratory cells that could be affected by inhalation exposure, and rat alveolar macrophages (NR8383) represent cells defending against invasion to lungs. The effects of 3D printer-emitted particles on cell viability of these two cell types were measured by the WST-1 assay 24 h after exposure and are shown in Figure 2 .
The cell viability after exposure to PLA-emitted particles reduced statistically significant compared to cells exposed to blanks for both cell types (Figure 2 ). However, exposure to ABS d-emitted particles at a similar dose did not induce statistically significant decrease in cell viability for either cell types (Figure 2 ). This indicated PLA-emitted particles may be more toxic when exposed to comparable doses for the selected cell types.
Additional cellular assays and in vivo exposure experiments were performed to test if the particles were benign. Although not at similar doses, thereby limiting direct contrasts between filament types, both these filaments showed toxic responses over blanks, indicating the potential toxicity of 3D printeremitted particles to living cells and mice immune system, and details of the results can be found in the Supporting Information section S4 (Figures S7−S11) .
3.3. Oxidative Potential Measured by DTT Assay. Results for the cell-free DTT assay showed that the watersoluble OP was below LOD, while the total particle OP was above LOD, for all the particles tested (ABS d, ABS c, PLA and Nylon). This was also consistent with the SEM result that showed particles were nominally water insoluble ( Figure S6 ), thus a null result for soluble species is expected. A set of filters were collected for total (soluble + insoluble species) DTT analysis, where the mass collected on the filters was controlled to be within a difference of 2% (see Supporting Information Table S2 ), such that the exposure doses (i.e., particle concentrations in samples) were at similar levels. As shown Figure S12 , all four particle samples analyzed showed statistically significant higher responses than blanks. Small variability was observed across the means but not statistically significant between any two sample groups.
Because a large data set exists for the OP DTT of ambient aerosols and emissions from a wide range of sources, 32 and large population epidemiological studies assessing acute exposures have found links between the DTT assay-measured OP and adverse cardiorespiratory effects, 23 ,34 comparisons of OP per particle mass (OP m DTT ) from this study to that of ambient aerosols (e.g., PM 2.5 ) provide insights into understanding the measured 3D printer particle DTT activity levels. For this analysis, the particle concentrations in the extracted 3D printer particle solutions were in the range of those of ambient air samples. 29 Ambient PM 2.5 OP m DTT varied from about 25−40 pmol/min/ μg based on data from a range of sites in Atlanta ( Figure 3A) . In general, all 3D printer-emitted particle samples showed relatively lower OP m DTT than ambient PM 2.5 ( Figure 3A) . Estimates of OP m DTT in emissions from incomplete combustion (e.g., diesel engine exhaust and biomass burning) were even higher (50−150 pmol/min/μg). 32 However, exposure concentrations may be much higher than typical ambient PM 2.5 levels during printing, especially in poorly ventilated spaces or in close proximity to the operating printer.
Although OP m DTT provides some indication of aerosol hazard levels, potential adverse health effects depend on actual exposure levels, or particle concentrations. For OP, the equivalent to concentration is OP normalized to the volume of air sampled (OP v DTT , nmol/min/m 3 ), which in turn is related to particle emission rates and degree of subsequent dilution (Table S3 ). Figure 3B shows OP v DTT for particle levels within the well-mixed 1 m 3 test chamber. Because the chamber setup (i.e., dilution rate) was identical for all the tests in this study, OP v DTT for the different filaments can be compared directly. Because of the orders of magnitudes lower particle emissions from the PLA filament (Table S1 and Figure  S3 ), PLA had the lowest OP v DTT . ABS OP v DTT was factors of 60−100 higher than that of PLA, and OP v DTT of Nylon was at the low end of ABS but about 25 times as that of PLA.
Potential exposure levels were also estimated using an exposure model 14 (Table S4) , and residential home setting had the smallest space and lowest ventilation (Table S4) , giving the highest OP v DTT ( Figure 4 ). This indicates the importance of dilution as a way of reducing exposures.
These indoor scenarios can also be compared to ambient OP levels. Estimated exposure levels to ABS filament emissions in office and residential settings had OP v DTT higher than ambient PM 2.5 , and the school estimated exposure was comparable to ambient data (Figure 4 ). PLA and Nylon showed much lower OP v DTT than ambient PM OP v DTT because of their much lower emission levels, except for Nylon in the residential setting ( Figure 4 ). The length of exposure time is also important, because printing complex objects can take hours or longer, overall exposures to 3D-printed particles could be substantial. This analysis emphasizes the importance of understanding and minimizing actual exposure concentrations, which depend on conditions, could vary by orders of magnitude.
It is surprising that the chemical assay-measured DTT activities were similar for PLA and ABS filaments, although the composition analysis showed that they are largely chemically different. A limitation in our analysis is that the chemical analysis of the particle considered the overall aerosol DTT measured by the total DTT assay method for the four particle samples, compared to OP m DTT of ambient air PM 2.5 results from different monitoring sites. 29 (B) OP v DTT measured by total DTT assay for the four particle samples based on the chamber setup in this study. The error bar for this study represents standard deviation of repeated measurements (n = 3 for each filament sample) and the error bar for Fang et al. 29 represents standard deviation of data for each monitoring site. GT was a site at the Georgia Institute of Technology; RS was a roadside site close to 75/85 interstate in midtown Atlanta; JST was an urban site at Jefferson Street, Atlanta; YRK was a rural site in Yorkville, GA considered to be generally upwind of Atlanta. DTT calculated using OP m DTT measured in this study and model predicted 3D printer particle concentrations in office, residence, and school settings for each filament (ABS d, ABS c, PLA, Nylon, in red), compared to previous ambient air PM 2.5 study 29 at various monitoring sites in the metropolitan Atlanta region (GT, RS, JST, YRK, in blue, see Figure 3 caption). The error bar for this study represents standard deviation of each group because of measurements (n = 3 for each filament sample); error bar for Fang et al. 29 represents standard deviation of data for each monitoring site.
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Article composition, whereas because these particles are insoluble, only the surface compounds of the particles will interact with DTT. Also, both biological and chemical analyses showed toxic responses from 3D printer-emitted particles at our sample concentrations; there was a difference that the PLA-emitted particles were more toxic than ABS d by biological analysis (Figure 2 ) but similar for the chemical analysis ( Figure 3A) . Toxicity responses may not only be associated with the doses and chemical properties of the particles, but other properties like particle sizes and their ability to penetrate cells and tissues, cell lines, and interaction mechanism may also be important. 28, 46, 47 This can affect the biological toxicity responses but have less effect on the chemical assays. For example, NPs were found to be more toxic than larger-sized particles of the same material and dose, 48 causing inflammation and oxidative stress. 49 SEM showed that PLA-emitted particles were smaller than ABS d in average size, which indicated that they are potentially easier to be transported into cells and further causing cell damage. On the other hand, because of the large difference of emission levels (PLA particle mass yield about 2 orders of magnitudes lower than ABS, Table S3 ), the PLA material may not be as toxic as the ABS material when considering overall exposure. Gumperlein et al. found no acute effect on nasal secretion or urine inflammatory markers after 1 h print with ABS or PLA, while the exhaled nitric oxide, which indicates potential airway inflammation or allergy, was higher for printing with ABS than PLA. 50 Overall, this study indicates that particles emitted from 3D printers with ABS, PLA, and nylon filaments have the potential to induce adverse health impacts, while the chemical compositions of the particles may be associated with raw filament material or additives. Our observed increases in cell death, oxidative stress/OP, and inflammatory responses by both biological and chemical assays are mechanisms that potentially negatively affect lung function, which may increase the risk of respiratory disorders and complications. In this study, toxicity levels of emitted particles were assessed; however, actual exposure study assessments are required to determine the severity of the responses, if any, because exposure depends on many factors that need to be considered, including the conditions under which the printer operates (e.g., size of space and degree of ventilation and turbulence), a person's proximity to the printer, and the duration of exposure. From this analysis, we recommend to lower particle exposures by selecting filaments with low particle emissions, such as PLA, operating the printer(s) in well-ventilated spaces, and limiting time spent in close proximity to operating printer(s).
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